ABSTRACT 23
Oxalic acid is widely reported in the literature as one of the major components of organic aerosol. 24
It has been reported as both a product of primary emissions from combustion processes and as a 25 secondary product of atmospheric chemistry. Concentrations of particulate oxalate have been 26 measured at a UK urban site (500 daily samples) and for a more limited period simultaneously at a 27 rural site (100 samples) in the fine (less than 2.5 µm) and coarse (2.5-10 µm) size fractions. Full 28 size distributions have also been measured by sampling with a MOUDI cascade impactor. Average 29 concentrations of oxalate sampled over different intervals in PM 10 are 0.04 ± 0.03 µg m -3 at the 30 rural site and 0.06 ± 0.05 µg m -3 at the urban background site, broadly comparable with 31 measurements from other European locations. During the period of simultaneous sampling at the 32 urban and rural site, concentrations were very similar and the inter-site correlation in the PM 2.5 33 fraction for oxalate (r = 0.45; p < 0.001) was appreciably weaker than that for sulphate and nitrate 34 (r = 0.82 and 0.84, respectively). Nonetheless, the data clearly point to a predominantly secondary 35 source of oxalate at these sites. Possible contributions from road traffic and woodsmoke appear to 36 be very small. In the larger urban dataset, oxalate in PM 2.5 was correlated significantly (p < 0.01) 37 with sulphate (r = 0.60), nitrate (r = 0.48) and secondary organic carbon (r = 0.25). Clustering of 38 air mass back trajectories demonstrates the importance of advection from mainland Europe. The 39 size distribution of oxalate at the urban site showed a major mode at around 0.55 µm and a minor 40 mode at around 1.5µm in the mass distribution. The former mode is similar to that for sulphate 41
INTRODUCTION 46
Organic compounds, including both water-soluble and insoluble species, account for a significant 47 mechanism. Oxalate is predominantly found in size distributions in the large droplet mode, while 72 M c the mass collection on coarse particle fraction filter, V c and V t are the volumes of air samples 111 through the coarse fraction filters and the sum of coarse and fine fraction filters, respectively, and C f 112 is mass concentration of the fine particle fraction). The Partisol sampler was equipped with a 47 113 mm quartz fibre filter (Whatman QMA) substrate. Filters were pre-heated at 500 o C in air using a 114 furnace for 4 hours in order to minimize their carbon content and stored sealed in a freezer prior to 115 air sampling. The exposed filters were stored in filter cassettes within the storage magazines inside 116 of the instrument. After the sampling was completed, the exposed filters were stored in a metal 117 container at about -18 o C in a freezer until analysis to prevent loss of volatile compounds. This 118 sampling method is subject to the usual artefacts of adsorption and volatilisation which occur when 119 sampling semi-volatile materials on filters. 120 121 Samples were also collected at the EROS site using a MOUDI cascade impactor run at 30 L min -1 , 122
giving cut points at 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32 and 0.18 µm. Impaction substrates were 47 mm 123 Ionic species 154
The exposed QMA filters remaining from carbon analysis and PTFE filters were transferred from 155 their bags to a narrow neck 15 ml HDPE bottle. Distilled deionised water (10 mL) was added and 156 the bottles were extracted in an ultrasonic bath for 30 min at room temperature. After 157 ultrasonication, the filter extracts were filtered through a syringe filter (0.2 µm) and then kept in a 158 cold room until analysis. For particulate matter collected onto PTFE filters in size-segregated 159 samples, the filters were wetted with propan-2-ol (0.5 mL) to eliminate the natural hydrophobicity 160 of the filters. Then, 15 mL of ddw were added and ultrasonication performed for 30 min. The 161 leachate was filtered and kept refrigerated until being analysed. Quality Assurance 176
The quality of chemical analysis was investigated and detailed in the Supplementary Information. 177
After completion of the work, it was learned that oxalate is susceptible to degradation in aqueous 178 solutions (Dabek-Zlotorzynska and McGrath, 2000). As our samples had been stored for periods 179 between 2 and 28 days as aqueous extracts at 4ºC prior to analysis, statistical tests were applied to 180 evaluate oxalate losses. Application of the Mann-Whitney test showed no significant difference 181 between samples stored for 7 days and 25 days, and for < 7 days and > 7 days, and we conclude that 182 degradation losses were negligible. The major anion components of the aerosol samples were also measured in order to investigate 204 relationships of oxalate with those constituents, and their concentration data appear in Table S1 The plot for sulphate in the fine mode showed a zero intercept with a gradient close to 1.0, 217 indicating that the regional contribution of long-range transport in the atmosphere plays a dominant 218 role in determining its concentration. For nitrate in PM 2.5 , the regression intercept in Table 2  219 indicates a small local increment of 0.11 µg m -3 consistent with the local fine nitrate contribution of 220 0.17 µg m -3 estimated from the difference in mean concentrations of data from simultaneously 221 collected samples from the two sites (Table 3) . This finding suggests a small nitrate urban 222 increment, as was concluded for London by Abdalmogith and Harrison (2005) representing an urban background site. The results for the local contribution can be inferred from 235 Table 3 . As expected, EC shows a strong local contribution (0.6 µg m An intra-site correlation analysis of measured components at EROS was conducted in order to 268 investigate the origin of particles (Table S3) Sempere and Kawamura (1994). The relatively low correlation between oxalate and SOC indicates 300 that oxalate makes up a very variable proportion of secondary organic aerosol, but is typically 1-3% 301 of SOA (after conversion of SOC to SOA mass), or 0.5-1.5% expressed as oxalate carbon/organic 302 carbon. 303 304 Oxalate in coarse particles showed a modest correlation with nitrate and sulphate in summer (r = 305 0.49 and r = 0.45, respectively). Coarse oxalate may arise from gas-phase oxalic acid reacting with 306 pre-existing particles, by particle coagulation or by heterogeneous reactions within large droplets. 307
However, for the full dataset, oxalate in the coarse mode correlated weakly with the other ionic 308 species. The general assumption is that oxalate in ambient air is formed in the aqueous phase and 309 therefore coarse mode oxalate can be produced by aqueous phase processes. Russell and Seinfeld 310 (1998) have proposed that supermicron particles can be formed by in-cloud processes. Earlier 311 studies by Dutton and Evans (1996) and Gadd (1999) have reported that oxalate was a by-product 312 of the hydrolysis of oxaloacetate from citric acid and glyoxylate via the metabolic action of fungi in 313 soil. Wind-blow soil might then be a source of oxalate in coarse airborne particles, but this seems 314 unlikely to be a large contributor to airborne concentrations. 315 confirmed the role of isoprene as a precursor of oxalic acid associated with the high estimated 383 isoprene emissions in Europe especially in the east flank of France (Simpson et al., 1995) . This 384 seems unlikely to be the main source, however, as this would produce a pronounced seasonality 385 which is not observed. 386 387
CONCLUSIONS 388
Previous work on atmospheric oxalate has highlighted both primary and secondary sources. The 389 former have included both road traffic and biomass burning. However, in our dataset oxalate does 390 not show a positive urban increment analogous to that of elemental carbon and does not correlate 391 with EC and for this reason we discount road traffic as a significant source. The concentrations 392 measured in our work, although comparable with many contemporary data (see Table 1 ) are 393 generally lower than in older studies, suggesting that the road traffic source may have decreased 394 with the advent of exhaust after-treatment devices. Additionally, we see no correlation between 395 oxalate and fine potassium, a woodsmoke tracer, and we think it unlikely that biomass burning is 396 contributing significantly to concentrations of oxalate. 397 398 A number of features of the behaviour of oxalate are consistent with a secondary, regional source. 399
Mean concentrations are very similar at the urban and rural sites, and at the rural site oxalate is 400 significantly correlated with the secondary inorganic components sulphate and nitrate. After 401 clustering of airmass back trajectories, the highest concentrations of oxalate were found to be 402 associated with airmasses originating over the European mainland consistent with the behaviour of 403 sulphate, nitrate and secondary organic carbon. It should, however, be noted that the elevation of 404 oxalate in the continental trajectory is less than that for sulphate, nitrate or secondary organic 405 carbon and the inter-site correlation between the urban EROS and rural Harwell sites is less strong 406 for oxalate than for sulphate and nitrate. This is interpreted as oxalate having a number of 407 secondary sources through different reaction pathways, depending upon different precursors which 408 react at different rates, consequently leading to less spatial homogeneity than for sulphate and 409 nitrate which have predominantly single precursor compounds. Biogenic precursors may play a 410 role, but the lack of a substantial summer maximum suggests that this is not dominant. 411
412
The size distribution of oxalate sampled at the urban site bears strong similarities to that of sulphate 413 suggesting common pathways in their formation either through aqueous phase formation processes 0.9 -12.1 1.2 ± 0.6 0.5 -5.3 3.5 ± 1.8 1.6 -13.7
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